We present new Hubble Space Telescope (HST) ultraviolet and ground-based optical observations of the hot, metal-rich white dwarf GD 394. Extreme-ultraviolet (EUV) observations in 1992-1996 revealed a 1.15 d periodicity with a 25 per cent amplitude, hypothesised to be due to metals in a surface accretion spot. We obtained phase-resolved HST/Space Telescope Imaging Spectrograph (STIS) high-resolution far-ultraviolet (FUV) spectra of GD 394 that sample the entire period, along with a large body of supplementary data. We find no evidence for an accretion spot, with the flux, accretion rate and radial velocity of GD 394 constant over the observed timescales at ultraviolet and optical wavelengths. We speculate that the spot may have no longer been present when our observations were obtained, or that the EUV variability is being caused by an otherwise undetected evaporating planet. The atmospheric parameters obtained from separate fits to optical and ultraviolet spectra are inconsistent, as is found for multiple hot white dwarfs. We also detect non-photospheric, high-excitation absorption lines of multiple volatile elements, which could be evidence for a hot plasma cocoon surrounding the white dwarf.
INTRODUCTION
Of the hundreds of known remnant planetary systems at white dwarfs, short time-scale variability has been observed at only a handful. Along with the transits at WD 1145+017 (Vanderburg et al. 2015; Gänsicke et al. 2016; Redfield et al. 2017) , examples include changes in infrared flux from multiple dusty debris discs (Xu & Jura 2014; Xu et al. 2018; Fardjwilson394@gmail.com ihi et al. 2018), the growth and subsequent disappearance of gaseous emission from SDSS J1617+1620 over an eight year period (Wilson et al. 2014 ) and the year-to-year changes in gaseous emission line profiles at several other white dwarfs (Wilson et al. 2015; Manser et al. 2016a,b; Dennihy et al. 2018 ).
The first 1 metal-rich, single white dwarf observed to be variable was the hot and bright (V mag = 13.09) white dwarf GD 394 (WD 2111+489). Chayer et al. (2000) and Vennes et al. (2006) measured near-Solar abundances of Fe in the hydrogen atmosphere of GD 394, along with high Si and P abundances. White dwarfs with T eff 20000 K may retain some metals in their atmospheres via radiative levitation, where outward-directed photons transfer momentum to metals and counteract the effects of downward diffusion (Chayer & Dupuis 2010; Chayer 2014) . However, radiative levitation is predicted to support only small amounts of Fe (Chayer et al. 1995a; Schuh et al. 2002) , and cannot explain the Fe abundances of GD 394 (Dupuis et al. 2000) . Although the radiative support for Si is stronger, Barstow et al. (1996) showed that the Si abundance of GD 394 similarly exceeds the predictions. The timescales for metals to diffuse out of the photospheres of hot white dwarfs are of order days (Paquette et al. 1986; Koester & Wilken 2006; Koester 2009 ), so for the metal abundances to be higher than those supported by radiative levitation GD 394 must be currently, and continuously, accreting material from an external source.
Most remarkably, Dupuis et al. (2000) detected a 1.15 d periodic modulation in the extreme-ultraviolet (EUV) flux of GD 394, with an amplitude of 25 per cent. The variability was detected in three separate instruments onboard the Extreme Ultraviolet Explorer (EUVE) in observations spanning 1992-1996, leading Dupuis et al. (2000) to conclude that it was intrinsic to the star. Their preferred explanation for this variability was that the accreting material is being channelled, presumably by a magnetic field, onto a spot, which is rotating in and out of view over the white dwarf rotation period. The change in Si concentration within the spot would affect the atmospheric opacity in the EUV, producing the observed variability. This is similar to the explanation for the soft X-ray variable V471 Tau, where a fraction of the wind from a K dwarf is magnetically funnelled onto a white dwarf companion (Jensen et al. 1986; Clemens et al. 1992 ).
The observations of GD 394 published so far mostly took place before the development of the research field of remnant planetary systems at white dwarfs, and as such planetesimal debris was not considered as a possible source for the detected metals. Early radial velocity measurements suggested that the metals were in a cloud around the white dwarf (Shipman et al. 1995) , but later, more precise radial velocity measurements were consistent with a photospheric origin of the metals (Barstow et al. 1996; Bannister et al. 2003) . Dupuis et al. (2000) favoured accretion either from the Interstellar Medium (ISM), pointing out that there is a high-density ISM clump nearby (Sfeir et al. 1999) , or from an undetected companion. Both of these sources can be ruled out: accretion from either source would have a large mass fraction of carbon, which is not detected in the photosphere of GD 394 (Dickinson et al. 2012) , and no evidence for a stellar mass companion has been observed either from radial velocity measurements (Saffer et al. 1998) or via searches for an infrared excess ). As accretion of planetary debris is now thought to be responsible for most, if not all, metal pollution in single white dwarfs (Farihi et al. 2010; Barstow et al. 2014) , it is likely to also be the source of the metals at GD 394.
Here we test the hypothesis that the EUV variation 1 With the exception of pulsating objects, where the variability is inherent to the white dwarf rather than produced by external material. (Dupuis et al. 2000) , is shown on the left, with the start of the first observation defining phase zero. The co-added spectrum is over-plotted in red, illustrating the absence of variability between the observations. Interstellar O i lines are indicated by the grey dashed lines.
is caused by an accretion spot in two ways: Firstly, phaseresolved spectroscopy should show changes in metal line strength as the spot moves in and out of view; secondly, flux redistribution from the spot should manifest as optical variability in anti-phase to the EUV variation (Dupuis et al. 2000) . The paper is arranged as follows: In Section 2 we describe the observations of GD 394, followed by Section 3 where we discuss their implications for the short-and longterm variability of GD 394. In Section 4 we use model atmosphere fits to the spectroscopy to measure the atmospheric parameters and metal abundances of the star. Section 5 describes the search for gaseous emission from a circumstellar disc. Finally we discuss our results in Section 6 and conclude in Section 7.
OBSERVATIONS

Spectroscopy
STIS Far-Ultraviolet
To test the accretion spot hypothesis, we obtained eight farultraviolet (FUV) spectra of GD 394 using the Space Tele- Table A1 , including their phase positions relative to the start of the first observation based on the 1.15 d EUV period. The observations were taken with the FUV-MAMA detector in TIME-TAG mode, using the E140M grating covering the wavelength range 1144-1710Å with an average resolution of λ/91700 per pixel. For each of the eight spectra we combined the echelle orders into one spectrum, co-adding at each order overlap by interpolating the order with smaller wavelength bins onto the order with wider bins 2 . The eight spectra were then co-added into one final grand average spectrum with a signal-to-noise ratio of ≈ 50 − 60 and resolution of ≈ 0.02Å. Example sections of all eight spectra and the co-added spectrum are shown in Figure 1 .
STIS Near-Ultraviolet
GD 394 was also observed by STIS in near-ultraviolet (NUV) as part of Program ID 13332. A spectrum was obtained on 2013 December 23, which used the E230H grating to cover a wavelength range of 2577-2835Å with an average resolution of λ/228, 000 per pixel. The spectrum only has S/N ≈ 6 but clearly shows several ISM Mg ii and Fe ii absorption lines blue-shifted by ≈ 10km s −1 . (Vogt et al. 1994) under Program IDs A284Hr, A284Hb and N116Hb. On both nights 3 × 300 s exposures were taken covering the wavelength range 3125-5997Å. On the first night an additional 3 × 300 s exposures were taken covering the wavelength range 4457-7655Å using the GG475 filter. All of the exposures used the C5 aperture. The HIRES data were reduced using the Redux pipeline 3 . Standard data reduction steps were performed including flat fielding, bias subtraction, and two-dimensional wavelength solutions produced from Th-Ar comparison exposures. The spectra were optimally extracted, with hot pixels removed using a median comparison between the individual exposures. Continuum normalization was done using low-order polynomials and ignoring any absorption lines. Spectra from adjacent orders were averaged in overlap regions, and the individual exposures at each epoch were co-added using a signal-to-noise weighted average.
The spectra contain multiple absorption lines from Si. The equivalent widths of the absorption lines are the same to within one sigma between the two epochs, so the spectra were co-added to produce a single S/N≈ 140 spectrum.
WHT
Further optical spectroscopy of GD 394 was obtained using the Intermediate dispersion Spectrograph and Imaging System (ISIS) on the 4.2 m William Herschel Telescope (WHT) on 2007 August 6 and 2016 August 13. The 2007 observation used the R1200 grating to cover the wavelength ranges 4520-5262Å and 8260-9014Å, with a total exposure time of 2882 s. The 2016 observations used the R600B+R gratings covering 3056-5409Å and 5772-9088Å with a total exposure time of 1800 s. The raw WHT data were reduced with standard spectroscopic techniques using starlink software. Debiasing, flat fielding, sky-subtraction, and optimal extraction were performed using the Pamela package. Molly was used for wavelength and flux calibration of the 1-D spectra 4 . No metal absorption lines are detected in either spectrum, as the 2007 observation did not cover the appropriate wavelength ranges and the 2016 observation has insufficient spectral resolution.
Archival data
In addition to the new observations described above, we utilised the following archival datasets:
GD 394 was observed by the Far Ultraviolet Spectroscopic Explorer (FUSE) spacecraft on eight occasions between 1999 October 11 and 2002 October 27, covering the wavelength range 925-1180Å in the FUV. The data were retrieved from the MAST archive and recalibrated using Cal-FUSE v3.2.3. The spectra from the four separate channels in the FUSE instrument were renormalised to the guiding channel and combined. Sections of each spectrum are shown in Figure 2 . As no variation between the observations was seen the eight spectra were finally coadded into one S/N ≈ 90 spectrum. Shipman et al. (1995) used the Goddard High Resolution Spectrograph(GHRS), one of the first-light instruments on HST, to observe GD 394 on 1992 June 18. Spectra were taken of three sections of the FUV: Lyman α, the Si iii lines around 1300Å, and the Si iv 1392Å and 1402Å doublet, areas which are also covered by our STIS FUV spectrum. The data were retrieved from the MAST database.
GD 394 was also observed multiple times by the International Ultraviolet Explorer (IUE) in both high and low resolution mode. A full description and analysis of the highresolution IUE spectra is presented in Holberg et al. (1998) .
Finally, we retrieved an optical spectrum obtained by Gianninas et al. (2011) from the Montreal White Dwarf Database (MWDD, Dufour et al. 2017) covering the wavelength range 3780-5280Å.
A full list of all detected metal absorption lines across the full wavelength range covered by our spectra is given in Appendix B. (Faedi et al. 2011 ). 3506 30 s exposures were taken with a median S/N= 7.5. The data were retrieved from the WASP archive and calibrated using the standard routines described in Pollacco et al. (2006) .
Photometric observations
SuperWASP
W1m
Additional photometry was obtained using the Warwick 1m telescope (W1m) telescope at the Roque de Los Muchachos Observatory on La Palma on 2016 May 14 and 2016 May 16. The telescope has a dual beam camera system with fixed visual and Z band filters and was operated in engineering mode. A cadence of 13 s was achieved using 10 s exposures and a 3 s readout time. Total time on target was 2990 s and 7970 s on the two nights respectively, covering 11 per cent of the 1.15 d EUV period.
Ultraviolet photometry
Finally, both the STIS and FUSE spectroscopic observations were obtained using photon-counting detectors , allowing high-cadence lightcurves to be obtained (see for e.g. Wilson et al. 2015; Sandhaus et al. 2016) .
The STIS lightcurve was extracted from the TIME-TAG event files with events from the edge of the detector and around the Ly α line removed. As GD 394 is relativity bright and the echelle spectral trace covers most of the detector, no background subtraction was necessary. Each lightcurve contains multiple irregular flux dropouts of approximately one second. Comparison with the jitter (.jit) files, which record the precise spacecraft pointing during the exposure, showed that each dropout was accompanied by a sharp spike in pointing declination. All times associated with spikes in declination were therefore masked out, regardless of whether flux dropouts were seen.
Each lightcurve is dominated by a semi-linear increase in flux over the exposure of 5 per cent. As this trend is seen in every observation, regardless of phase position within the 1.15 d EUV period of GD 394, it is likely instrumental in origin. "Breathing" of the telescope induced by the changing thermal environment experienced by HST during its orbit has been shown to alter the focus position, with STIS requiring roughly one orbit after a change in pointing to thermally relax (Sing et al. 2013 ). As our visits are only one orbit long we cannot use the usual method of discarding data from the beginning of the visit. Dividing by a linear fit removes most of the trend, but still leaves variations in flux that preclude an accurate measurement of variability below the ≈ 1 per cent level. However, we can rule out any changes above that level over the 1.15 d period.
Light-curves from the FUSE observations were extracted in a similar fashion, providing a useful link between the STIS FUV and EUVE observations. Unfortunately the observations are affected by aperture drift caused by thermal distortion, so absolute photometry is impossible and we cannot compare between observations. Nevertheless, each individual light-curve is constant, with no evidence for flux variations similar to those detected in the EUV.
Gaia parallax
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3 NON-DETECTION OF VARIABILITY 3.1 Short-term Figure 1 shows sections of all eight STIS FUV spectra, compared with the co-add of all eight spectra. The spectra show neither significant changes in the strength, shape or velocity of the absorption lines, nor any change in the total flux or flux distribution. Equivalent widths for all identifiable lines were measured via the formalism given by Vollmann & Eversberg (2006) , all of which were constant to within one sigma. The equivalent widths of the lines shown in Figure  1 are given in Table 1 . We thus detect no evidence for an accretion spot in the FUV. The FUSE spectra also show no signs of variability ( Figure 2 ). By coincidence, the FUSE observations sample the 1.15 d EUV period fairly evenly, although their spacing in time is too large to precisely map their phase position. Therefore, they also provide no evidence for an accretion spot, although they are a weaker constraint compared to the STIS FUV observations.
The second consequence of the accretion spot hypothesis put forward by Dupuis et al. (2000) is that GD 394 should undergo a periodic variation in optical flux, in antiphase with the EUV variation, due to flux redistribution. Figure 3 shows our SuperWASP lightcurve folded onto the 1.15 d EUV period, along with a Lomb-Scargle periodogram. No significant variation is seen in the lightcurve, and the periodogram does not return a 1.15 d period. Neither do the W1m or ultraviolet lightcurves show any variation consistent with a 1.15 d period. This strengthens the conclusion drawn from the lack of spectral variation that the spot hypothesis is incorrect. Additionally, no evidence for transiting debris like that at WD 1145+017 (Vanderburg et al. 2015) is detected in any of the available photometry.
Long-term
A possible explanation for the lack of short-term variability is that the accretion spot dispersed in the time between the EUVE and more recent observations. We can test this via a comparison between the two available epochs of HST FUV spectroscopy, obtained with GHRS in 1992 and with STIS in 2015. As the GHRS spectrum was obtained within two years of the EUVE observations (which spanned 1993-1996) , it is reasonable to assume that the EUV variation was already present. If a spot existed in 1992 but not in 2015, then the strength of the absorption lines should likely be different. We find that equivalent widths of the absorption lines de- Table 2 . Equivalent widths of absorption lines detected in the GHRS spectra compared with the co-added STIS spectrum. (2015) Si ii tected by both instruments are identical to within 1 sigma ( Table 2 ). The variation must therefore either still have been present when our STIS observations were obtained or have stopped in such a way as to leave the FUV spectrum unchanged, unless by an unlikely coincidence the GHRS spectra were obtained at a phase where the varying absorption lines were at the same strength as the later lines with constant strength. The lack of change over a 23 year period joins the long term observations of several other accreting white dwarfs (Wilson et al. 2014; Manser et al. 2016a) where no changes in absorption line strength have been detected. Given that the metal diffusion timescales are much shorter than the time between observations, the accretion rates onto metal-polluted white dwarfs are remarkably stable. We note that, although the strength of the absorption lines is constant, the continuum fluxes of the GHRS and STIS FUV spectra differ. Specifically, the GHRS data around Ly α, 1300Å, and 1400Å have median fluxes ≈ 10 per cent higher, similar, and ≈ 10 per cent lower than the corresponding STIS FUV observations, respectively. Such a change in the continuum flux of GD 394 is physically implausible, and is probably related to the issues with the STIS flux calibration discussed in Section 4.2.
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We can also place upper limits on long-term changes in the velocities of the stellar features seen in GD 394. Between 1982 and 2015 various high-dispersion observations have been obtained, including: (1) International Ultraviolet Explorer (IUE) high dispersion spectra obtained between 1982 and 1994 (Holberg et al. 1998) ; (2) HST/GHRS spectra obtained in 1992 (Shipman et al. 1995) ; (3) • IUE high resolution SWP spectra: Four observations were obtained in 1982 May 05, 1984 April 15, 1994 January 03 and 1994 January 04, respectively. Because they were all obtained through the SWP large aperture they included wavelength offsets due to location of the stellar image within the aperture. The process of co-adding these spectra involved small wavelength displacements applied to each spectrum (see Holberg et al. 1998) , which were used to co-align the observed stellar and interstellar lines in each spectrum to an arbitrary zero-point prior to co-addition. A detailed examination of this process shows that there were no relative displacements between ISM and stellar lines for the individual spectra above the 10 mÅ level, or approximately ≈ 2 km s −1 . Thus, we detect no evidence of velocity variations both prior to and during the time span when the EUVE 1.15 d variations were observed.
• HST/GHRS spectra: The three ultraviolet spectral bands of GD 394 observed on 1992 June 18 by (Shipman et al. 1995) included both ISM and photosphere lines. Dupuis et al. (2000) re-measured the GHRS spectra, noting that wavelength calibrations were not obtained for one of the grating settings. We also re-measured the GHRS spectra using the same software as used for the IUE spectra. We find photospheric and ISM velocities of 35.37 ± 2.81km s −1 and −0.40 ± 3.18km s −1 respectively.
• Lick Mt. Hamilton Echelle: On 1996 September 6-7 Dupuis et al. (2000) observed photospheric Si iii features in GD 394 and report a velocity of 27.6 ± 1.3km s −1 . No interstellar lines were reported and hence we take this velocity at face value.
• Keck/HIRES: Two Keck HIRES spectra (see Section 2) were obtained in 2009 and 2015 and contain photospheric Si iii and interstellar Ca iii absorption lines. Seven individual Si iii lines were measured in the 2015 data but only five were measurable in the 2009 data. The interstellar Ca K line is measurable in both spectra, whilst the Ca H line is barely seen in the 2015 data and is not detected in the 2009 data.
• HST/STIS: The photospheric and interstellar velocities measured from the STIS FUV spectra obtained in August 2015 represent averages from Tables B1 and B2.
In Table 3 we list the instruments,epochs and measured Figure 5 . STIS FUV spectrum of the Ly α core, with the bestfitting model without (blue, T eff = 35273, log g = 8.036) and with (red, T eff = 35700, log g = 8.054) interstellar extinction overplotted, demonstrating the improvement to the fit when absorption by N H = 2.6 × 10 18 cm −2 neutral hydrogen is included. The metal lines were masked out for this fit. 6.0 ± 0.1 4.0 ± 0.5
ATMOSPHERIC PARAMETERS AND METAL ABUNDANCES
Previously published estimates of the atmospheric parameters of GD 394 are collected in Table 4 . Apparent in these results is a consistent discrepancy between temperatures derived from optical and ultraviolet spectroscopy, with the latter being typically cooler by ≈4000 K. Similar discrepancies between fits to optical and ultraviolet spectra are seen at several hot white dwarfs, although GD 394 is the most pronounced case (Lajoie & Bergeron 2007 ). Here we fit our extensive spectroscopic data with the latest version of the LTE white dwarf model atmosphere code described in Koester (2010) , but with updated input physics, including among other data the improved hydrogen Stark broadening calculations of Bergeron (2009) and Tremblay (2015, priv.comm.) 
Optical spectroscopy
Neither the WHT spectrum nor the spectrum from Gianninas et al. (2011) retrieved from the MWDD are ideal for model atmosphere fitting due to poor flux calibration and low resolution, respectively. Nevertheless, fitting to the Balmer lines returns T eff = 41387 ± 32 K, log g = 7.927 ± 0.003 and T eff = 39082 ± 100 K, log g = 8.022 ± 0.016, respectively (statistical uncertainties only), consistent with the results from the literature detailed in Table 4 . We therefore adopt Balmer line parameters by averaging the results and using the difference as an estimate of the systematic errors, T eff = 41000 ± 2000 K and log g = 7.93 ± 0.10.
STIS
The STIS FUV spectra were heavily affected by ripples caused by incorrect calibration of the echelle blaze function (see STIS ISR 2018-01 5 for a detailed discussion), and we found that the choice of the echelle blaze function (PHOTTAB)used for the calibration of the E140M data significantly changes the best-fitting parameters measured from the Ly α line. In the following analysis we used the latest (at time of writing) calibration files, detailed in the 2018 July STScI Analysis Newsletter 6 . The artefacts remaining in the calibration do not visually affect the Ly α line, but we . Spectral energy distribution of GD 394 from the far ultraviolet to mid-infrared, over-plotted with the model fit based on found using the STIS FUV spectroscopy, the Gaia parallax and the Pan-STARRS and 2MASS photometry. The model was scaled to the STIS FUV spectrum for the plot. Data in black was used in the fitting process, whilst data in grey was not fitted but serves as further confirmation of the model. The Spitzer/IRAC data are taken from Mullally et al. (2007) .
nevertheless caution that future improvements to the STIS calibration may require the atmospheric parameters to be reappraised.
We fitted the STIS FUV spectrum using a grid of pure hydrogen models covering the temperature range 30000 K ≤ T eff ≤ 45000 K in steps of 200 K, and surface gravities 7.00 ≤ log g ≤ 8.50 in steps of 0.1 dex. The metal absorption lines were masked out during the fitting process. As the Ly α profile is sensitive to the degree of ionisation of hydrogen and Stark broadening, both of which increase with the effective temperature, there is a strong correlation between these two parameters. The colour intensity map in Figure 4 shows an extended valley of low χ 2 in the T eff − log g space, and the STIS FUV data is fitted nearly equally well by all of these solutions. To lift this degeneracy, we introduce prior constraints to the fit using the MCMC ensemble sampler emcee (Foreman-Mackey et al. 2013 ). The normalisation parameter that scales the model to the observations (which depends on the distance to and radius of the star) is constrained using the distance inferred from the Gaia parallax of 50.37±0.16 parsecs combined with a mass-radius relation for DA white dwarfs 7 . The continuum slope of the synthetic model is constrained using photometric data at longer wavelengths (specifically Pan-STARRS r, i, z, and y (Chambers et al. 2016) and 2MASS J, H, and K s (Skrutskie et al. 2006) magnitudes, Table 5 , with synthetic magnitudes computed by convolving the white dwarf model with the transmission function of the corresponding filters. Figure 4 illustrates the change in best-fitting parameters with increasing number of constraints.
At the distance of GD 394 the effects of interstellar extinction are expected to be small, but for completeness, we include E(B − V) as a free parameter in the fits. The core of Ly α shows clear absorption of interstellar neutral hydrogen (N H ) with a radial velocity of −13.74 ± 5.28 km s −1 , in agreement with the detected ISM metal absorption lines (Table B3) , and including N H with a column density of (2.618 ± 0.044) × 10 18 atoms cm −2 significantly improves the fit to the core of Ly α ( Figure 5 ). The column density of N H is linearly correlated to the reddening (Diplas & Savage 1994) , corresponding to E(B − V) = (5.31 ± 0.09) × 10 −4 , producing a final result for the atmospheric parameters of GD 394 of T eff = 35700 ± 12 K, log g = 8.054 ± 0.001 (statistical uncertainties only). In principle, the reddening could be further constrained by fitting to available 2MASS and Spitzer photometry ), but the value of E(B − V) estimated from the N H absorption in the core of Ly α is so small that the uncertainties on the photometry (both statistical and systematic) do not warrant this exercise. The full spectral energy distribution of GD 394 is shown in Figure 6 , demonstrating good agreement with the model at all wavelengths.
GHRS
As noted above, the flux calibration of the GHRS and STIS FUV data are different. We refit the GHRS spectra using the same process as for the STIS FUV, again incorporating the Gaia parallax and Pan-STARRS and 2MASS photometry. We find atmospheric parameters of T eff = 33986 ± 17 K and log g = 7.841 ± 0.005. As the GHRS data is inferior to the STIS FUV data in both wavelength coverage and S/N we do not present this as an alternative result for the atmospheric parameters, but it provides a guide to estimate the systematic uncertainties of the model fit.
FUSE
The absolute flux of the FUSE spectrum agrees well with the STIS spectrum in the region of overlap. Extending the model fit to the STIS spectrum to shorter wavelengths, we find that it also agrees well with the FUSE data without any changes in T eff or log g, except for the highest Lyman lines where interstellar absorption becomes dominant. The overall fit to the Si and Fe lines (the only ones we detect) is not perfect, but satisfactory. We have not attempted to re-fit the abundances, as the STIS spectrum has superior resolution and atomic data that is likely more accurate than that in the FUSE range.
In conclusion, we adopt atmospheric parameters for GD 394 of T eff = 35700 ± 1500 K, log g = 8.05 ± 0.1. Our result is consistent with published fits to FUV data and we find, as in previous studies, disagreement between results obtained via fits to the Lyman and Balmer lines.
Metal abundances, diffusion, radiative levitation and the origin of the metal lines
There are a plethora of silicon lines visible in the STIS FUV spectrum, including the three ionization states, Si ii, Si iii and Si iv. Fitting each ion separately, we find a consistent fit to all three ionization states, with the exception of Si iii lines with excitation energies 7 eV (Figure 7) . Similarly, the Fe abundances measured from Fe iii and Fe iv lines are also in agreement. We confirm previous detections of Al iii (Holberg et al. 1998; Dupuis et al. 2000; Chayer et al. 2000 , Figure 8 ), along with a number of lines that we tentatively identify as Ni iii, but as they all coincide with strong Fe lines we treat the Ni abundance measured as an upper limit. Abundances for all detected metals are given in Table 7 . The STIS and FUSE spectra also contain strong C iv, N v and P v lines which we discuss in Section 4.6. The optical HIRES spectra contain multiple photospheric Si iii lines with high excitation energies, from which we measured a Si abundance of −5.10 ± 0.2. This is clearly incompatible with the abundances obtained from the lowexcitation Si ii, Si iii and Si iv lines in the STIS FUV spectrum, but agrees well with measurements of the high excitation Si iii FUV lines (Figure 7) . It is therefore unlikely to be due to genuine variation of the accretion rate between the observations, especially given that there is no change in line strength between the various STIS and HIRES spectra. The discrepancies in Si abundances were also reported by Dupuis et al. (2000) . Several other metal-polluted white dwarfs show similar discrepancies between Si measurements from optical and ultraviolet data Xu et al. 2017 ), but as these authors do not report comparisons between different Si iii lines within the same spectrum, variation between epochs cannot be completely ruled out for the stars discussed in these papers.
Assuming that GD 394 has a "standard" DAZ atmosphere, we calculated the strength of radiative levitation of Si according to the procedure described in Koester et al. (2014) and adopting the atmospheric parameters and Si abundance from the best fit to the STIS spectrum. We find the maximum abundance of Si that can be supported to be log(Si/H) ≤ −6.1, so under the standard accretion-diffusion equilibrium scenario with radiative levitation accounted for GD 394 must be accreting Si at M(Si) = 1.0 × 10 6 g s −1 , a low-to-medium rate compared to the bulk of the DAZ population (see figure 8 in Koester et al. 2014 ). However it is clear that GD 394 is far from a typical DAZ white dwarf given the discrepancy between ultraviolet and optical fits, EUV variation and the anomalous high-excitation lines discussed below, so these calculations have to be considered with some caution. Radiative levitation for Al and Fe was not treated in Koester et al. (2014) , although Chayer et al. (1995b) find the radiative support to be low. Without precise accretion fluxes speculation on the origin of the debris is limited, so we only note that the raw values of log(Al/Si) = −1.11 and log(Fe/Si) = −0.03 are close enough to those of the bulk Earth (-0.988 and -0.002 respectively, McDonough 2000) and the carbon content is sufficiently low that there is no reason to doubt that GD 394 is accreting rocky debris from a remnant planetary system (Jura 2006; Gänsicke et al. 2012 ).
High-ionisation lines
Chayer et al. (2000) identified P v 1117.977Å and 1128.008Å absorption lines in the FUSE spectrum. The latter line is blended with Fe iii and Si iv transitions, so we assume that their P abundance is based on the 1117Å line 8 . For our best fit model to P v 1117.977Å we obtain log(P/H) = −7.5 ± 0.2, in agreement with Chayer et al. (2000) . We also detect C iv 1548.202Å and 1550.774Å lines at log(C/H) ≈ −7.5, and N v 1238.821Å and 1242.804Å lines at log(N/H) ≈ −3.7 (Figure 9 , left) in the STIS spectrum. All of these lines are at the photospheric velocity (Table B2) , with the possible exception of C iv for which the best fit gives a redshift of ≈ 2 km s −1 relative to adjacent Fe iii lines, but this is within the uncertainty of the spectral resolution. Unless this is an unlikely coincidence, these are therefore either photospheric features, or are being produced in a layer just above the photosphere, close enough such that there is no detectable difference in gravitational redshift. We do not detect secondary, clearly circumstellar lines (i.e. at different velocities to the photospheric lines) such as those detected at multiple hot white dwarfs by Dickinson et al. (2012) .
However, no C ii, C iii, N iii or P iii lines are detected in the STIS spectrum, all of which are predicted to be strong when adopting photospheric abundances based on the high-ionisation lines (Figure 9, right) . This non-detection places upper limits on the abundances of C, N and P of log(X/H) ≤ −8.00, clearly incompatible with the measurements from the high-ionisation lines (Table 7) . We conclude that the material producing the high-ionisation level lines must originate in a hot layer close to, but outside of the white dwarf photosphere.
As mentioned above the higher excitation Si iii lines are also too strong for our adopted parameters. However, as similar discrepancies between Si excitation states have been detected in other white dwarfs without similar anomalous C, N and P lines it is unclear if the explanation for the Si mismatch is the same as for the other elements.
NON-DETECTION OF GASEOUS EMISSION
Ca ii 8600Å emission from a gaseous component to a debris disc has been confirmed at seven metal-polluted white dwarfs to date (Gänsicke et al. 2006 (Gänsicke et al. , 2007 (Gänsicke et al. , 2008 Dufour et al. 2012; Farihi et al. 2012; Melis et al. 2012; Wilson et al. 2014) . The emission takes a distinct double-peaked morphology induced by the Keplerian orbital motion of the disc material (Horne & Marsh 1986 ). Burleigh et al. (2011) observed GD 394 as part of a search for gaseous emission at hot white dwarfs, returning no detections. As gaseous discs can form on ≈ year-long timescales (Wilson et al. 2014) , it is worth noting that our 2016 WHT/ISIS observation also failed to detect emission. Non-detection of gaseous emission is unsurprising, as in all known cases it is associated with the presence of an infrared excess from dusty debris (Brinkworth et al. 2012) , which was ruled out at GD 394 by Mullally et al. (2007) . Dust at GD 394 will sublimate at radii greater than the Roche radius, preventing the formation of a compact dusty debris disc ).
DISCUSSION
GD 394 is not variable at any of the wavelengths and on any of the timescales explored here, contrasting strongly with the large-amplitude EUV variability observed by Dupuis et al. (2000) . A potential explanation is that the accretion spot hypothesis was correct, but that the spot has dispersed since the EUVE observations and GD 394 is now accreting uniformly over its surface. The low accretion rate and lack of Ca ii emission lines suggest that the circumstellar environment may be relatively inactive, with the short diffusion timescales removing any evidence of higher activity in the past. However, this explanation conflicts with the perfect match between the metal absorption lines in the GHRS and STIS observations. The GHRS observations were obtained less than a year before the first EUVE observations, so it is unlikely that the EUV variation was not present at that epoch, especially as it was detected in all four EUVE observations over the following four years. Any long-term variation in the accretion rate or surface distribution of metals should likely have resulted in noticeable differences between the STIS and GHRS spectra.
If the EUV variation was still present during all of the observations presented here, then an accretion spot can be ruled out as the cause. An alternative possibility is that GD 394 hosts a planet on a 1.15 day orbit. Multiple hot Jupiter planets have been observed with ultraviolet transits 5-10 per cent deeper than in the optical (Haswell et al. 2012) , interpreted as the transit of a cloud of evaporating material around the planet. Given the small size of GD 394, it is conceivable that an orbiting planet may not transit itself but be surrounded by a hydrogen cloud that clips the white dwarf, causing the EUV variations. The Ly α absorption seen in main sequence examples (Vidal-Madjar et al. 2003 ) is masked by the deep, wide photospheric and interstellar absorption at GD 394. Assuming that the 1.15 d signal detected in the EUV is the orbital period of a planet, then the equilibrium surface temperature of the planet will be ≈ 1300 K, enough to induce atmospheric evaporation (Tripathi et al. 2015) . The material lost by this planet would also accrete onto GD 394, providing the reservoir for the photospheric metal pollution (see Farihi et al. 2017 for an example of a white dwarf with both a low-mass companion and planetary debris). Testing this hypothesis requires high-precision radial velocity measurements, although this will be challenging due to the paucity of photospheric absorption lines at optical wavelengths. Alternatively new X-ray/EUV observations could probe for the distinctive asymmetric transit produced by evaporating planets, which may not have been resolved in the EUVE observations. Is GD 394 unique? BOKS 53856 is a faint variable white dwarf, which is often discussed in conjunction with GD 394. (Holberg & Howell 2011) observed this star early in the Kepler mission, identifying it as a moderate temperature DA white dwarf, somewhat cooler than GD 394, having a nonsinusoidal light curve with a 5 per cent minimum to maximum variation and a period of 0.2557 d which persisted over the six months of observation. Holberg & Howell (2011) suggested that the light curve could be explained by the rotation of BOKS 53856, where a frozen-in photospheric magnetic field produced a localized "spot", in analogy with the explanation of the EUV variations at GD 394 offered by Dupuis et al. (2000) . For both stars, it was assumed that the spots represent magnetically confined regions of higher opacity due to accreted metals.
Recently Hoard et al. (2018) conducted an extensive campaign of space-based and ground-based observation of BOKS 53856, extending the earlier Kepler observations to cover a 4 yr time span, along with a corresponding ultraviolet lightcurve covering the entire spin period from TIME-TAG ultraviolet spectroscopy obtained with the Cosmic Origins Spectrograph (COS) onboard HST. These data yielded a very precise spin period and established that the optical pulsations remained coherent and unchanged over this period. Using a simple model consisting of two-phase temperature distribution, they were able to produce brightness maps of the BOKS 53856 photosphere for both the ultraviolet and optical data that to first order show a similar distribution of spots.
In contrast to the metal-rich STIS spectra of GD 394 presented here, (Hoard et al. 2018) identify no photospheric features in the COS spectra of BOKS 53586 beyond hydrogen. Thus, although both GD 394 and BOKS 53856 exhibit flux variations that are difficult to explain without invoking magnetic fields and accretion, it is GD 394 that has the expected metal rich ultraviolet spectrum but no presently detectable photometric or spectroscopic variations, whilst BOKS 53856 shows stable, persistent photometric variations but no trace of any expected metals. It may require sensitive spectropolarimetry over the rotational periods of both stars to definitively detect any putative magnetic fields.
The high ionisation lines observed in the STIS and FUSE spectra of GD 394 may be produced in a hightemperature accretion flow similar to that observed in cataclysmic variables (Patterson & Raymond 1985) , but that would still lead to accretion of C, N and P into the photosphere. Radiative levitation is potentially strong enough to expel all C from the photosphere but the predicted support for N is far too low (Chayer et al. 1995b ). Lallement et al. (2011) detected C iv lines without corresponding C iii lines at two white dwarfs with similar T eff to GD 394. In one, WD 1942+499, they also detected P v and O vi lines, again without predicted lower ionisation level lines. In contrast, the T eff = 28000 − 30000 K white dwarf component of the dwarf nova U Geminorum has N v lines at photospheric wavelengths, which require T eff ≈ 80000 K Long & Gilliland 1999) , but does have low-excitation N lines that require a super-Solar N abundance to fit (Long et al. 2006) . If radiative levitation is expelling both N and C at GD 394 then we would expect the same to happen white dwarfs with similar T eff ; this is clearly not the case.
CONCLUSION
We obtained multi-epoch, multi-wavelength observations of GD 394 to test the accretion spot hypothesis put forward by Dupuis et al. (2000) to explain the large amplitude flux variations detected in the EUV. We find no evidence for any change in photospheric metal abundances over the 1.15 d period of the EUV variation, nor on the decades-long timescales covered by HST spectroscopy. No photometric variability is observed at any waveband beyond the EUV. The EUV variation may have either stopped, although the agreement between near-contemporaneous spectra and more recent observations disfavours this explanation, or is being caused by some phenomena other than a spot, such as an otherwise undetected evaporating planet. Distinguishing between these scenarios will require new observations in the EUV.
Beyond a search for variation, our observations show GD 394 to be a highly unusual white dwarf. As with previous studies for multiple hot white dwarfs, we cannot obtain consistent atmospheric parameters between fits to the optical and ultraviolet hydrogen lines. The analysis of the observed metal lines also leads to contradictory results, especially the presence of high ionisation level lines of C, N, and P sharing the photospheric velocity of the white dwarf, Some of the data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific partnership among the California Institute of Technology, the University of California and the National Aeronautics and Space Administration. The Observatory was made possible by the generous financial support of the W.M. Keck Foundation. The authors wish to recognize and acknowledge the very significant cultural role and reverence that the summit of Mauna Kea has always had within the indigenous Hawaiian community. We are most fortunate to have the opportunity to conduct observations from this mountain.
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